It is generally accepted that accentuated global climatic cycles since the Plio-Pleistocene (2.8 Ma ago) have caused the intermittent fragmentation of forest regions into isolated refugia thereby providing a mechanism for speciation of tropical forest biota contained within them. However, it has been assumed that this mechanism had its greatest e¡ect in the species rich lowland regions. Contrary evidence from molecular studies of African and South American forest birds suggests that areas of recent intensive speciation, where mostly new lineages are clustered, occur in discrete tropical montane regions, while lowland regions contain mostly old species. Two predictions arise from this ¢nding. First, a species phylogeny of an avian group, represented in both lowland and montane habitats, should be ordered such that montane forms are represented by the most derived characters. Second, montane speciation events should predominate within the past 2.8 Ma. In order to test this model I have investigated the evolutionary history of the recently radiated African greenbuls (genus Andropadus), using a molecular approach. This analysis ¢nds that montane species are a derived monophyletic group when compared to lowland species of the same genus and recent speciation events (within the Plio-Pleistocene) have exclusively occurred in montane regions. These data support the view that montane regions have acted as centres of speciation during recent climatic instability.
I N T RO DUC T ION
The most signi¢cant geological changes that a¡ected the biota of Africa during the Tertiary were: (i) a general drying of northern Africa and a drastic contraction of forest cover, after the continent`collided' with Asia in the early Miocene and the Tethys Sea was closed (Axelrod & Raven 1978) ; and (ii) formation of swells and rifting events in eastern Africa during the Neogene age, causing the isolation of the eastern lowland forests (coastal) from the main GuineaĈ ongolian rainforest block (Lovett 1993; Coppes 1994) . The montane regions in eastern Africa, associated with these geological events, are continuous along the transition between the Congo Basin and the Albertine Rift mountains of eastern Zaire, Rwanda, Burundi and western Uganda, but otherwise are a discontinuous circle of inselbergs following clockwise from the Albertine Rift, the Kenya Highlands, the Eastern Arc crystalline fault-blocks in Tanzania and the Malawi Rift Mountains, and locally along the U¢pa plateau and Lake Tanganyika (¢gure 1). This circle is partly connected with the mountain scarps of east Southern Africa and the Ethiopian highlands. Within these montane regions live an evolutionary complex and highly endemic montane forest biota.
Over the last three decades, the prevailing explanation for the origin of the extraordinarily high biodiversity of tropical lowland forests was the`refuge theory' (Ha¡er 1969 (Ha¡er , 1974 Diamond & Hamilton 1980; Mayr & O'Hara 1986; Crowe & Crowe 1982; reviews in Prance 1982; Whitmore & Prance 1987) . The theory assumes that species evolved by isolation in forest areas which remained stable despite global ecoclimatic changes (Milankovitch cycles) that caused a general global cooling, with large glacial peaks (or arid periods in the tropics (deMenocal 1995)) during the last 2.8 Ma of which the ultimate 0.9 Ma have been the most accentuated (see Bartlein & Prentice 1989; Bennett 1990; Hooghiemstra et al. 1993) . Thus, since it is assumed that climatic cyclic changes are an important driving mechanism for speciation, this a¡ect may be expected to be most apparent during the Plio-Pleistocene. However the species richness peaks within lowland forests are largely made up by species of prePliocene age (FjeldsÔ 1994) suggesting that this model cannot be used to account for the high diversity of lowland species. Although the refuge theory, as it applies to lowland forest biota, has come under continued criticism (e.g. Amorim 1991; Croizat 1976; Hackett 1993) it can perhaps be applied to montane habitats more readily (FjeldsÔ 1994; Vrba 1993) . FjeldsÔ (1994) and FjeldsÔ & Lovett (1997) evaluated the evolutionary importance of the accentuated ecoclimatic changes of the Plio-Pleistocene on the diversi¢cation of tropical forest birds using primarily the DNA divergence data provided by Sibley & Alqhuist (1990) . Regions with a predominance of recently radiated (or`new') species (less than 6 Ma old) are montane including the mountains of the East African circle and from elevated areas with savanna/forest mosaics. Contrary to the prediction from the classic refuge theory (Ha¡er 1969 ) the Guinea^Congo lowland forest birds represent relatively deep (oldömore than 6 Ma) branches while 80% of lowland new species extend their range outside these forests making any prediction about their origin speculative. Thus, these authors suggest the lowland rainforests are largely areas 1338 M. S. Roy Montane speciation in birds Proc. R. Soc. Lond. B (1997) where species of potentially diverse origins accumulate according to carrying capacity over long time periods, whereas active centres of diversi¢cation are predominantly found in adjacent forest/savanna mosaics and, in particular, montane regions. Tropical montane regions contain heterogenous topography, and an associated vegetation of varying susceptibility to climatic change and are often regions of tectonism and volcanism. Such potential for temporal and spatial variation in habitat may well provide the conditions necessary to promote rapid divergence between noncontinuous populations through isolation by local extinctions and shifting balance equilibria (GarciaRamos & Kirkpatrick 1997; Roy et al. 1997a,b) .
Up until now, no molecular study has addressed the phylogenetics of a restricted African montane avian group composed of many neo-endemics. I present molecular data on one such group. The genus Andropadus is represented by 11 obligate forest dwelling species of which four species (A. tephrolaemus, A. masukuensis, A. milanjensis and A. montanus) are strictly montane and all except A. montanus, which is con¢ned to Mount Cameroon, are represented in large portions of the montane circle of East Africa with wide range overlap between the species (¢gure 1). Other Andropadus species are widely distributed lowland taxa which are mostly sympatric.
Based upon a phylogenetic analysis, this paper examines two predictions stemming from FjeldsÔ's (1994) hypothesis: (i) that the predominant region of recent speciation is montane and would therefore be represented by the most derived characters, and (ii) that montane speciation has occurred within the time period of the recent and most accentuated climatic changes (i.e. within the past 2.8 Ma (deMenocal 1995)) based upon genetic distance estimates.
. M AT E R I A L S A N D M ET HOD S
Blood and feather samples were taken from mist-netted specimens over a three-year period. Blood and feathers were stored in a DMSO/NaCl solution (Seutin et al. 1991) . Phyllastrephus £avostriatus was chosen as an outgroup for this analysis since the two genera are regarded as close sister groups (Keith et al. 1992) . At least two samples per species per locality were analysed.
(a) DNA extraction and sequencing DNA was prepared and sequenced as in Roy (1997) . For this study I chose to compare sequence data from the two mitochondrial DNA (mtDNA) genes, Cytochrome b (Cyt b) and NADH2 (ND2). Primer pairs L14841 and H15149 (Kocher et al. 1989) , and L15546 and H15915 (Edwards et al. 1991) were used to sequence and compare 575 base pairs (bp) of the Cyt b gene. Primers for amplifying the mtDNA ND2 gene, (H5578 and L5215; Hackett 1996) were also used to obtain and compare 296 bp of sequence for phylogenetic analyses.
(b) Data analysis
Sequences were analysed as in Roy (1997) . Brie£y, aligned sequences (Gilbert 1992) were analysed using PAUP (version 3.1.1; Swo¡ord 1991) in order to infer phylogenetic relationships, and CS3 (Siegismund, unpublished program) was used to compare substitution patterns. Analysis of trees was achieved by MacClade (version 3.03, Maddison & Maddison 1993) . Parsimony analysis was conducted using the`branch and bound' option of the PAUP computer program. Initial parsimony analysis weighted all characters equally and analysed sequences of Cyt b and ND2 separately. Further analyses took into account levels of observed saturation (multiple substitutions at a single site) at third codon positions, since these sites have the highest substitution rate in these two genes (Hackett 1996; Seibold & Helbig 1995) . In order to detect saturation, scatter plots were constructed that compared time versus pairwise transitions and transversions. I used amino acid substitution as an indirect measure of time of divergence between two taxa on the x-axis, since these are likely to have a linear relationship over the timescale dealt with here (i.e. up to 30 Ma (Irwin et al. 1991) ). Saturation was thought to have occurred when DNA substitutions level o¡ as amino acid differences increase. When saturation was determined to have occurred, third position transitions were then down-weighed by 10 and 20. These ¢gures were used because pairwise comparisons of taxa found that there were, on average, 16.6 and 19.6 third position transitions in those cases where only one third position transversion was counted for Cyt b and ND2, respectively.
Both gene sequences were combined to provide a total evidence data set. In order to assess possible con£icts between the phylogenetic information of both data sets a homogeneity test was run, based on the Michevich^Farris index (Michevich & Farris 1981) . This was done by randomly partitioning characters from the combined data set into new data partitions of the same size and number as was present originally (i.e. 575 and 296 bp) 500 times. The distribution of combined lengths of the most parsimonious trees from each of the randomly generated partitions was then assessed and compared to the length of the original combined data set. If the original tree was greater than 95% of the randomly generated partition trees then the two data sets were regarded as being less congruent than would be expected by chance alone. To assess the degree of character support for each node in the phylogeny, bootstrap analysis (Felsenstein 1985) was undertaken.
All sequences have been submitted to GenBank with accession numbers AF003391-003471.
R E S U LT S (a) Analysis of sequence data
Sequence analyses indicate a large variation in sequence divergence among the Andropadus genus (up to 18% for Cyt b and 21% for ND2, found between A. masukuensis and A. importunus). Such large values are extreme for intrageneric comparisons (e.g. Hackett 1996; Arctander et al. 1996) . In particular A. importunus and A. curvirostris were the most divergent, and were overall as genetically distant (based upon base substitutions) to the montane Andropadus group as the outgroup was. This led to several inconsistencies in the analysis, however branch topologies were not altered by their exclusion, rather bootstrap support was somewhat increased (data not shown). Intraspeci¢c comparisons were also highly variable, some as high as 13% divergence in Cyt b and 18% for ND2 (e.g. A. t. fusciceps and A. t. tephrolaemus). Such di¡erences provide clear support for a reconsideration of the present taxonomic ranking and order in the genus Andropadus (Roy 1997).
Saturation plots for both genes show a levelling o¡ of transitions at third position, after about ¢ve amino acid substitutions for Cyt b and about three amino acid substitutions for ND2 (¢gure 2), con¢rming that ND2 has a faster DNA substitution rate than Cyt b (Desjardins & Morais 1990 ). Analysis of saturated data points found that they were all between lowland and montane and outgroup comparisons (¢gure 3). Transversions at third position do not appear to be saturated in either gene (¢gures 2 and 3).
To circumvent a priori fears over base composition variance across taxa (Collins et al. 1994 , Lockhart et al. 1994 , I compared the frequencies of all four bases in a matrix combining both genes and assessed the distribution with a chi-squared test. No di¡erences in base composition were found across taxa (p 1, 1 2 , 78 d.f.) and subsequent phylogenetic inference was considered not to be in£uenced by this aspect.
(b) Phylogenetics
Individual phylogenetic analysis of the two genes was carried out using a weighting regime of 10:1 (see ½2), since this produced the most resolved tree for both genes. Further weight (i.e. 20:1) did not change either trees' topology. Consensus trees from each gene were similar, leaving only a few nodes within A. m. roehli unresolved. Bootstrap analysis of these data sets provided good support for nodes represented in ¢gure 4. A combined data set (total evidence) was found to have an insigni¢cant amount of incrongruence when analysed by a partition homogeneity test (p 0.82). This data set produced two most parsimonious trees without weighing third position transition. A consensus tree was identical to that in ¢gure 4, except a terminal node within A. m. roehli was unresolved. Further analysis using a 10:1 weighting regime resulted in one most parsimonious tree, and its analysis using 1000 bootstrap replicates resulted in a well resolved tree with all major nodes between subspecies having from 62 to 100% support (¢gure 4). This analysis however could not resolve the placement of A. curvirostris or A. importunus. Weighting the transversions 20-fold did not change the topology of the tree further.
. DI S C U S S ION (a) Highland^lowland relationships
FjeldsÔ (1994) suggested that tropical forest lowland regions are characterized by old species, whose widespread redistribution has eradicated traces of their origins. However, based upon his conclusions, it is expected that the most recent speciation events within tropical avian groups has predominantly occurred in montane regions. The phylogenetic data presented here show that all the largely sympatric lowland forms (A. curvirostris, A. virens and A. latirostris) are separated by deep branches (¢gure 4). Although we cannot exclude the possibility of extinctions along these lineages, this result suggests that speciation events of lowland forms of Andropadus took place in the distant past. The montane group of Andropadus greenbuls, however, is a derived monophyletic clade relative to lowland forms, suggesting that recent di¡erentiation of this genus has occurred exclusively in the mountains (FjeldsÔ 1994; Roy et al. 1997b ).
(b) Time of divergence
In order to test whether the divergence times of montane species correlated with the major recent climatic periods of instability i.e. within the last 2.8 Ma (deMenocal 1995), I attempted to convert the genetic distance data to estimates of time. Several problems exist with assuming a molecular clock, such as non-linear and unequal evolutionary rates between lineages (see Li 1993; Hillis & Moritz 1990) . Based upon mammalian Cyt b, Irwin et al. (1991) suggest the rates of 10% for third codon position substitutions and 0.5% for third codon position transversion substitutions, per Ma. I expected the former estimate to remain linear when comparing close taxa or until third position transitions become saturated, after which the latter estimate should be used. Arctander et al. (1996) has used a mammalian rate of 1% for third codon position substitutions per 0.05 Ma for considering avian radiations. It has been suggested that in general, mammalian mtDNA evolves faster than that of birds (Kessler & Avise 1985; Mindell et al. 1996) , therefore these estimates may be low.
Using a molecular clock rate based upon both third base transversions alone, I calculated that the major vicariance event between the A. masukuensis group and A. tephrolaemus group (¢gure 4) occurred around 20 Ma ago (¢gure 3) perhaps with isolated ancestral populations on Mount Cameroon and the Albertine Rift, respectively (Roy 1997) . I then went on to calculate the timing of the signi¢cant radiations seen within the major montane monophyletic clades, namely East African Figure 4 . The single most parsimonious phylogenetic tree of 26 Andropadus species and subspecies using sequences of Cyt b (575 bp) and ND2 (296 bp) combined. Species and regional distribution are indicated. Thick bold branches are montane radiations estimated to have occurred within the past 3 Ma. Sequence data was analysed by the`branch and bound' search option of PAUP 3.1.1 (Swo¡ord 1993) , downweighting third position transition to transversion by 10:1, the tree has a consistency index excluding uninformative characters of 0.473. Bootstrap values are indicated above the branch line. Bootstrap values of trees from Cyt b and ND2 genes (both downweighted third position transition by 10:1) individually analysed are given below the line (respectively). Only bootstrap support above 50% is shown and XX indicates either that the node gained a bootstrap value below 50% and it was unresolved, or that a di¡erent branching order was supported for individual genes. Branch lengths are proportional to amount of change along that branch. Arctander et al. (1996) . Lowland taxa comparisons based upon total substitutions are prone to error due to saturation of third codon position transitions (¢gure 2). For this reason I used the rate of 0.5% third codon position transversion per 1 Ma. Based upon this rate of divergence, lowland forms diverged from montane groups between 18 and 32 Ma ago. Lowland lineages treated in this analysis would have diverged from each other between 12 and 28 Ma ago.
MONTANE LOWLAND
These estimates are based upon gene divergence which we assume re£ects the time since divergence of two ancestral populations. However gene divergence estimates are likely to always overestimate the sought after population vicariance dates due to ancestral genetic variation (see Edwards 1997) . In addition, the possibility of substitution rate di¡erences among lineages may also produce an error window in these calculations, making the dates provisional pending more rigorous statistical analysis.
Speciation of forest biota is thought to have been driven by climatic cycles that have been pronounced within the past 2.8 Ma. The magnitude of these cyclic changes are thought to have increased over time, those of the Quaternary being the greatest. The results presented here suggest that montane radiations between all regions has been extensive since approximately 3 Ma ago. Further, the majority of terminal nodes radiating between isolated mountain areas appears to have occurred well within the Pleistocene, thereby supporting the climatically induced speciation model (deMenocal 1995; FjeldsÔ 1994; Ha¡er 1974) . This complex pattern of phylogenetic and ecological relationships (Roy 1997 ) indicate a dynamic and cyclical process of rapid expansion of novel (derived) forms intò new' montane areas followed by subsequent isolation and divergence of populations.
(c) A model and mechanism for the evolution of montane avifauna
Montane regions in the tropics are highly heterogenous and contain many areas that may be stable in terms of climate and vegetational cover throughout periods of shifting global climate, and would, in a sense, act as small refuges (sensu Brown & Ab'Saber 1979) . Along the montane circle, it is assumed that the ecoclimatically most stable parts are in upper Zaire and on some east-facing escarpments of the Eastern Arc Mountains, which are under direct climatic in£u-ence from the Indian Ocean (Lovett 1993) . Associated with these stable regions are clusters of newly evolved avian species and relictual forest bird species (FjeldsÔ 1994; Roy et al. 1997b) suggesting that points of stability are areas which induce biotic diversi¢cation. Because the assumed stable areas are small, the populations of animals and plants that would live in them would themselves be of small size. This would lead to rapid divergence from parent populations due to the speed of the ¢xation of alleles and founder e¡ect (Avise 1994) .
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